Because myosin thick filaments form in the actin-rich cortex of nonmuscle cells, we have examined the role ofDictyostelium actin filaments in the assembly ofDictyostelium myosin (type II). Fluorescence energy transfer and lightscattering assembly assays indicate that self-association of Dictyostelium myosin into bipolar thick filaments is kinetically regulated by actin rilament networks. Regulation is nucleotide dependent but does not require ATP hydrolysis. Myosin assembly is accelerated =5-fold by actin filaments when either 1 mM ATP or 1 mM adenosine 5'-IP,v-imidoltriphosphate (AMP-P[NHJP) is present. However, actin filaments together with 1 mM ADP abolish myosin assembly. Accelerated assembly appears to require transient binding of myosin molecules to actin filaments before incorporation into thick filaments. Fluorescence energy-transfer assays demonstrate that myosin associates with actin filaments at a rate that is equivalent to the accelerated myosin assembly rate, evidence that myosin to actin binding is a rate-limiting step in accelerated thick rdament formation. Actin filament networks are also implicated in regulation of thick filament formation, since fragmentation of F-actin networks by severin causes immediate cessation of accelerated myosin assembly. Electron microscopic studies support a model of actin filament-mediated myosin assembly.
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In ADP, myosin monomers rapidly decorate F-actin, preventing extensive formation of thick filaments. In AMP-P[NH]P, myosin assembles along actin filaments, forming structures that resemble primitive stress fibers. Taken together, these data suggest a model in which site-directed assembly of thick filaments in Diclyostelium is mediated by the interaction of myosin monomers with cortical actin filament networks.
It is now evident that myosin thick filaments are dynamic cytoskeletal structures that undergo subunit exchange (1) (2) (3) , regulated assembly (ref. 4 ; reviewed in ref. 5) , and intracellular translocation (6) (7) (8) . In motile cells such as Dictyostelium discoideum amoebae, myosin thick filaments throughout the actin-rich cell cortex are rapidly relocated to the trailing cell edge during migration toward the chemoattractant cAMP (7, 8) . Cytokinesis induces similar movements, with recruitment of myosin to the dividing cell cleavage furrow (7) . How myosin moves from site to site is not known. However, motility assays by Spudich and his colleagues have shown that myosin-coated beads translocate along actin filaments (9) , and, conversely, actin filaments move on substrateimmobilized myosin (10) . Actin-myosin interactions also occur on the Dictyostelium cytoskeleton. Dictyostelium contain myosin thick filaments that reversibly associate with Triton-extracted actin cytoskeletons in an ATP-dependent manner (11, 12) .
Regulated myosin assembly and disassembly in Dictyostelium has been suggested by several in vitro studies. Unlike skeletal muscle myosin, both Acanthamoeba and Dictyostelium myosin II exhibit heavy-chain phosphorylation that regulates the extent of thick filament formation (refs. 13 and 14; reviewed in ref. 5 ). Phosphorylation of myosin heavy chain accompanies chemotaxis toward cAMP (15) (16) (17) , and the resulting shift to disassembled myosin is thought to be important for regulation ofcontraction and relocation ofthick filaments during motility (reviewed in ref. 18 ). Since intracellular thick filaments must form in the presence of networks of actin filaments, we have experimentally addressed the question of whether F-actin exerts regulatory effects on Dictyostelium myosin II assembly.
METHODS
Purification of Dictyostelium Actin, Myosin, and Severin.
Actin and myosin were isolated by procedures developed to obtain high yields of electrophoretically pure actin and myosin from the same Dictyostelium cell lysate. Briefly, actin and myosin were coprecipitated from clarified cell lysates (19) , separated by size exclusion chromatography (20) , and purified to homogeneity by cycles of assembly and disassembly. A full description of the purification procedures will be presented elsewhere (unpublished data). Purified actin and myosin were stored on ice until use. Actin was recycled immediately before use by depolymerization against Ca2+-free G buffer (2 mM triethanolamine, pH 7.0/0.2 mM dithiothreitol/25 gM MgCl2/1 mM EGTA) containing the experimental nucleotide of choice {0.2 mM ATP, adenosine 5'-[P, y-imido]triphosphate (AMP-P[NH]P), or ADP}.
Depolymerized actin was clarified at 150,000 x g for 1.5 hr at 40C and subsequently repolymerized by addition of nucleotide, K+, and Mg2+ to obtain the experimental ionic conditions. Dictyostelium severin was purified by the method of Yamamoto et al. (21) , as described by Brock and Pardee (22) .
Fluorescent Labeling of Myosin and Actin. Fluorescence energy transfer (FET) analysis of Dictyostelium myosin assembly was carried out essentially as described by Pardee et al. (23) (24) . In a typical assembly assay, bipolar myosin thick filaments were formed by rapid dilution of dissociated IAEDANS-and FITC-labeled myosins into assembly buffer to achieve final total myosin concentrations of 1-0.1 ,uM and a 1:5 molar ratio ofIAEDANS to FITC myosin. Final assembly buffer components were 10 mM imidazole (low fluorescence blank) (pH 6.5), 0.2 mM dithiothreitol, 0.005% NaN3, 8 (23) , and kinetic assembly curves were plotted by a computer-based graphics program (Sigmaplot; Jandel Scientific, Corte Madera, CA). As had been shown previously for actin assembly (26) , fluorescence quench was linearly proportional to the percentage of myosin in thick filaments.
In this case, 20-30o quench corresponded to complete assembly of myosin.
To determine the rate of myosin to actin association during accelerated myosin assembly, 0.05 ,uM IAEDANS 
RESULTS
Regulaton of Dityostelium Myosin Assembly by Actin Filaments. FET was used to provide a spectroscopic view of myosin self-association in the presence and absence of actin filament networks. Rapid dilution of mixtures of IAEDANSand FITC-labeled myosins resulted in the formation of bipolar thick filaments (see Fig. 6a ) that closely resembled those formed from unlabeled Dictyostelium myosin (27, 28) . In the absence ofF-actin, 0.17 ,uM Dictyostelium myosin assembled with an initial rate of 2.5 quench units per min and an assembly half-time (tl,) of 5 min (Fig. 1) . Complete assembly was obtained in 50-60 min at pH 6.5, in 80mM KCI and 8 mM MgCl2. Assembly proceeded at the same rate in 1 mM ATP, AMP-PINHIP, ADP, or no nucleotide. However, when preassembled Dictyostelium actin filaments (1 ,uM) were present together with 1 mM ATP, the initial myosin assembly rate was accelerated 4-to 5-fold to 11 quench units per min, and the overall ti12 of assembly was shortened to 1 min (Fig. 1) . Accelerated assembly was not dependent on ATP hydrolysis, since similar kinetics were observed when AMP-P[NH]P, a nonhydrolyzable analog of ATP, was present together with F-actin (Fig. 1 ). In the presence or absence of F-actin, final quench values of -20o resulted from complete coassembly of donor (IAEDANS) and acceptor (FITC) myosin into thick filaments (Fig. 1) . F-actin together with 1 mM ADP did not cause acceleration but instead produced marked inhibition of myosin assembly rate (Fig. 1) . Quench values remained below 8% for several hours, indicating that the extent of assembly was also strongly suppressed by ADP plus F-actin.
Dependence of Accelerated Myosin Assembly on F-Actin Concentration. In 1 mM ATP, the rate of myosin assembly increased with increasing F-actin concentrations up to 1 AM (Fig. 2) . Assembly curves showed hyperbolic kinetics with no observed initial lag period in either the presence or absence of actin filaments (Fig. 2) . However, assembly was not monitored during the initial 15 s of the reaction, preventing analysis of early incorporation events. Maximum acceleration of assembly occurred at 1 ,uM F-actin, an actin/myosin stoichiometric ratio of =6:1. Accelerated assembly rates were sustained at actin/myosin ratios of 30:1 and 60:1, indicating that the presence of excessive concentrations of actin filaments did not affect acceleration (data not shown).
Determination of Accelerated Myosin Assembly by Light Scattering. To confirm the FET observations of actinaccelerated myosin assembly, assembly was followed by conventional turbidometric light-scattering assays using unlabeled Dictyostelium myosin (Fig. 3) . In accordance with FET analysis, light-scattering assays also demonstrated that AMP-P[NH]P plus F-actin caused accelerated myosin assembly (Fig. 3, AMPPNP) . The initial rate of assembly was again accelerated 4-to 5-fold with respect to that of myosin in the absence of F-actin (Fig. 3, myosin alone) . ADP (1 mM) plus F-actin, on the other hand, caused a 2-fold inhibition of the initial assembly rate and an overall decrease in assembly (Fig. 3, ADP) . Reactions carried out with F-actin in the absence of nucleotides also resulted in inhibition of myosin assembly similar to that observed with ADP (data not shown). Although accelerated assembly was evident in ATP plus F-actin, quantitation of assembly extent was not possible by light scattering due to elevated turbidity caused by the formation of contracted actomyosin complexes (Fig. 3,  ATP) . Formation of dense foci containing contracted net- works of actin filaments was confirmed by electron microscopy (data not shown). FET assays specific for incorporation of myosin into thick filaments were therefore mandatory for detection of ATP, actin-accelerated myosin assembly.
Myosin Interaction with F-Actin During Accelerated Assembly. The observed effects of adenosine nucleotides on actinmediated myosin assembly imply interaction of myosin monomers with F-actin during accelerated or inhibited myosin self-association. To directly test this hypothesis, FET assays were used to compare the rate of myosin assembly in the presence of actin filaments to the rate of association of myosin to actin filaments during accelerated assembly (Fig.   4) . To test for the rate of myosin interaction with actin filaments, donor-labeled myosin was assembled in the presence of acceptor-labeled F-actin. This assay does not detect myosin assembly, since no acceptor-labeled myosin is present. Coassembly of donor-and acceptor-labeled myosin monomers in the presence of unlabeled F-actin provided the measurement for accelerated myosin assembly. As shown in Fig. 4 , myosin associated with actin filaments at a rate that was equivalent to the accelerated rate of myosin assembly. Myosin to actin binding is therefore implicated as an early rate-limiting step during formation of myosin thick filaments. In this model, rapid and reversible association of unassembled myosin molecules with actin filaments is followed by unconstrained self-assembly of myosin into thick filaments. During later stages of assembly, bipolar thick filaments apparently remain bound to F-actin as evidenced by maintenance of significant fluorescence quench values for donorlabeled myosin and acceptor-labeled F-actin (Fig. 4) . The final extent of fluorescence quench obtained in this experiment could not be used to quantitate the time-averaged stoichiometry of binding of myosin to actin, since efficiency of fluorescence transfer for donor myosin to acceptor actin was not determined.
Requirement for Intact Actin Filaments in Accelerated Assembly. To determine the effects of actin filament length on regulation of myosin self-association, assembling samples were treated with severin, a Ca2+-activated actin filament severing and disassembly protein (21, 29) located in the Dictyostelium cell cortex (22) . Dilution of myosin into an assembly mixture containing 1 mM ATP, 0.1 mM Ca2+, and 1 tkM F-actin initiated accelerated assembly (Fig. 5, top curve). When a 1:20 stoichiometric ratio of purified severin/ actin was added, immediate fragmentation of F-actin occurred, resulting in cessation of accelerated assembly and a return to the slower assembly rate characteristic of myosin alone (Fig. 5 , middle curve, arrow). Myosin assembled in the presence of previously severed actin filaments also showed the slower rate (Fig. 5, lower curve) . Since severin activation causes immediate fragmentation of long (2-20 ,um) actin filaments (see Fig. 6d ) into short oligomers (see Fig. 6e ), it is apparent that full-length actin filaments or networks of filaments spontaneously formed in F-actin solutions are required for accelerated myosin assembly.
Morphology of Actin, Myosin Assembly Complexes. Electron microscopy of accelerated assembly mixtures supports the contention that thick filament formation proceeds via actin binding. Fig. 6a shows the morphology of thick filaments formed after rapid dilution in the absence of actin. Bipolar structure is typical of Dictyostelium thick filaments assembled by rapid dilution in the presence of Mg2+ (27, 28) . In this case, coassembled IAEDANS-and FITC-labeled myosin is shown. The average overall thick filament dimensions (diameter, 0.02 Am; length, 0.4 ,um) are similar to those of unlabeled Dictyostelium myosin filaments prepared under identical conditions (data not shown; see ref. 28 ). Accelerated assembly of myosin in the presence of F-actin and AMP-P[NH]P resulted in formation of thick filaments that were invariably coaligned with actin filaments (Fig. 6b,  arrows) . Free thick filaments were not observed at any time during assembly. Assembling thick filaments apparently remained associated with actin filaments. Electron microscopy clearly indicated that rapid association of unassembled myosin to actin filaments also occurred during ADP, Factin-inhibited assembly. In this case, myosin monomers coated actin filaments, resulting in arrowhead decoration (30) of actin filament networks (Fig. 6c) . Small (diameter, 0.01 pum; length, 0.2 ,um) bipolar thick filaments were sometimes observed together with decorated F-actin, particularly when assembly was carried out at higher myosin/actin ratios. Under these conditions, actin filaments initially become saturated with myosin, allowing the assembly of excess myosin. Limited myosin assembly in F-actin plus ADP is also detected in FET assays (Fig. 1) . Inhibition of myosin assembly by actin filaments in ADP is presumably due to tight binding of individual myosin molecules to actin filaments before significant self-association into thick filaments can occur. Similar actin filament decoration was observed for myosin assembled in nucleotide-free F-actin solutions (data not shown). An example of 1 uM Dictyostelium F-actin is shown in Fig. 6d . The addition of severin (severin/actin ratio, 1:20) fragmented F-actin (Fig. 6e) , disrupting the loosely bound interconnecting networks of actin filaments. When myosin was assembled in the presence of these fragments, no acceleration was observed (Fig. 5) .
DISCUSSION
The evidence presented here indicates that self-association of Dictyostelium myosin into bipolar thick filaments is kinetically mediated by Dictyostelium actin filament networks. Myosin assembly appears to proceed by rapid and reversible interaction of unassembled myosin with actin filaments or filament networks. Nucleotide dependence for assembly is consistent with nucleotide-regulated binding of myosin heads tion of myosin from actin occurs (34) . This rapidly reversible association would establish a concentration gradient of myosin in the vicinity of actin filaments, resulting in accelerated assembly of thick filaments. In contrast, high-affinity ADPmediated myosin to actin interaction (32, 33) results in nearly complete inhibition of assembly.
Light-scattering assays conventionally used to monitor kinetics of myosin assembly can be severely compromised in actin plus myosin assembly systems due to interfering scattering signals caused by formation of contracted actomyosin foci (35) . Consequently, FET assays were necessary to initially establish the kinetics ofmyosin self-association in the presence of F-actin and ATP. Myosin assembly was not altered by covalent labeling with fluorescent dyes. FITClabeled, IAEDANS-labeled, and unlabeled myosins showed similar kinetics of assembly (Figs. 1 and 3 ) into bipolar thick filaments that were morphologically indistinguishable from one another. Moreover, highly similar kinetics of actinaccelerated myosin assembly resulted with unlabeled and fluorescently labeled myosins.
These data report assembly kinetics for purified Dictyostelium myosin II. Meaningful comparisons to assembly properties for other myosins are difficult at present due to the paucity of available kinetic data, widely divergent assembly conditions (14, (36) (37) (38) , unique thick-filament structures (4, 27, (36) (37) (38) , and differing ion sensitivities and phosphorylation states of myosins from various sources (5, 14, 28, (36) (37) (38) . Dictyostelium myosin (type II) assembly appears to be within the wide range of rates reported for muscle myosins. However, until assembly assays are carried out under identical conditions, judgement of comparative assembly kinetics and mechanisms between different myosins must be suspended.
A comparison of the initial kinetics of myosin assembly with the myosin to actin association rate was used to establish the sequence of molecular events occurring during accelerated assembly. A myosin to actin association rate that is slower than the rate of accelerated myosin assembly suggests postassembly binding of thick filaments to F-actin. Myosin to actin association rates that are faster than accelerated assembly indicate rapid initial myosin binding to F-actin, followed by a slower, rate-limiting step of myosin assembly. Equal rates of actin association and accelerated assembly provide evidence for a rapid initial myosin, actin binding step that is also the rate-limiting step in accelerated assembly. FET analysis (Fig. 4) 24 ).
Fragments of F-actin do not support accelerated myosin assembly, and fragmentation of actin filaments instantly abolishes actin-mediated acceleration. This behavior advances the idea of distant myosin molecules rapidly finding each other along the length of actin filaments during actinmediated myosin assembly. The mechanism of lengthregulated enhanced collisional frequency is not yet known, although rapid random walk (in AMP-P[NH]P or ATP), or active translocation of myosin monomers along actin filaments (in ATP) are obvious speculations of interest. Taken in the context of myosin-associated cytoskeletal rearrangements, cross-linked actin filaments such as those found in the cell cortex may provide a network of pathways along which myosin molecules randomly move before self-associating into thick filaments.
